Vertebrate diversification is punctuated by the origin of structural and developmental novelties (e.g., refs. [@r1][@r2][@r3]--[@r4]). The pronounced key innovation that distinguishes all anurans (frogs and toads), and enabled them to occupy new niches, is the evolution of saltatory locomotion (jumping). This innovation entails remarkable structural and developmental changes, which compose the anuran *bauplan*.

The anuran *bauplan*, conserved across the clade and characteristic of all adults, includes several features: loss of a tail, a shortened vertebral column, long hind limbs, radical transformation of the sacral region, and ventral articulation of the posterolaterally oriented pelvic girdle with a rod---the urostyle---lying between the paired ilia. The developmental processes underlying the emergence of the urostyle have received surprisingly little attention.

The urostyle is first observed in the fossil record in the Early Jurassic and has remained a conserved feature for over 200 million y ([@r5], [@r6]). It plays a major role in transmitting thrust from the hind limbs to the axial column during limb-driven locomotion ([@r5], [@r6]). The urostyle articulates with the posterior end of the sacrum and is a composite structure, comprising an ossified hypochord ventrally and a coccyx dorsally ([@r7], [@r8]).

The developmental origin of the anuran urostyle has been a source of speculation for over a century. Griffiths ([@r9]) proposed that the urostyle originates as a posterior outgrowth of the first postsacral intervertebral body, but this claim was disputed later when it was observed that the hypochord forms ventral to the notochord (i.e., outside of the perichondral bone). Later, some authors suggested that the urostyle forms by the fusion of a variable number of caudal vertebrae, and some even stated that the urostyle originates from a single cartilaginous rod (e.g., refs. [@r10] and [@r11]). However, these ideas waned with the discovery that the urostyle forms from two discrete units: coccyx and hypochord ([@r7], [@r8], [@r12]).

The coccyx has a mesodermal origin and is derived from sclerotomal (paraxial mesoderm) cells ([@r7], [@r12], [@r13]). The coccyx fuses with the ossified hypochord at the onset of metamorphosis. Forming independently from the vertebral column, an ossifying hypochord is only present in anurans. An embryonic hypochord (nonossified), however, is seen in fishes, amphibians, and lampreys ([@r14][@r15][@r16][@r17][@r18]--[@r19]), but absent in amniotes. It is a rod-like structure located ventral to the notochord. The source of the embryonic hypochord needs deeper scrutiny and is argued to be of endodermal origin \[e.g., zebrafish ([@r17]) and amphibians ([@r15], [@r16], [@r18], [@r20])\] or derived from the superficial mesodermal layer \[e.g., amphibians ([@r21]) and zebrafish ([@r22], [@r23])\]. Compared to the coccyx, the hypochord arises from an independent cell population that is not derived from the paraxial mesoderm ([@r12]). The embryonic hypochord, which is only present in anamniotes, secretes vascular endothelial growth factor (VEGF) and patterns nearby blood vessels ([@r16], [@r18]). Even though amniotes lack a hypochord, it has been shown that the dorsal endoderm of amniotes has taken over the function of the hypochord where the dorsal endoderm forms close to blood vessels and secretes VEGF in a similar manner ([@r24], [@r25]).

In embryonic amphibians, the hypochord (nonossified) lies flat over the notochord once its function of positioning the dorsal aorta is completed ([@r15], [@r16]), but it is retained in the postsacral region only in anurans ([@r12]). Many questions still remain unanswered regarding the ossifying hypochord: How and why does this structure ossify only in anurans? What initiates its formation? What is the function of it?

Using an integrative approach, we show how the axial skeleton, cellular composition, neuromuscular system, spinal cord, and vasculature change during development of the urostyle, focusing on the ossifying hypochord. We discuss the novelty of this structure and compare it across the convergently evolved caudal fusions.

Results {#s1}
=======

Coccyx and Hypochord Develop during Metamorphic Climax. {#s2}
-------------------------------------------------------

We stained cartilage and bone using Alcian blue and alizarin red, respectively. The majority of postcranial elements complete ossification before metamorphic climax (a detailed description of the axial column ossification is given in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). Coccygeal formation is initiated during prometamorphosis (stage 54) when cartilaginous postsacral vertebra I (PSI) forms ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). PSI is triangular-shaped and narrower than other presacral vertebrae ([Fig. 1 *A*--*C*](#fig01){ref-type="fig"}). By stage 61, the neural pedicels of PSII are ossified, and PSII continues to extend in length anteroposteriorly. At this stage, hypochord ossification is also initiated ventral to the notochord, and PSII appears as a slender ossifying stripe ([Fig. 1 *A*--*C*](#fig01){ref-type="fig"}). By stage 63, the hypochord has extended in length anteroposteriorly ([Fig. 1*C*](#fig01){ref-type="fig"}). The PSIII neural arches form by stage 64, and PSII and PSIII extend anteroposteriorly ([Fig. 1*C*](#fig01){ref-type="fig"}). Concomitantly, the hypochord extends anteriorly to the anterior-most margin of the sacrum and posteriorly to the posterior-most margin of PSIII. By stages 65 and 66, notochordal degeneration has initiated, and PSII and PSIII have fused, forming two strips of ossifications, losing the myomere boundaries. PSI fusion with the anterior margins of PSII happens subsequently ([Fig. 1*C*](#fig01){ref-type="fig"}). At the end of metamorphosis, the cone-shaped coccyx has fused synostotically with the hypochord.

![Bone and cartilage formation of the urostyle. (*A*) Dramatic skeletal remodeling at metamorphic climax in *X. tropicalis* visualized through cartilage and bone staining, using Alcian blue and alizarin red, respectively. Cartilage is depicted in blue; bone is depicted in red. The larval chondrocranium remodels and forms new cranial bones. The urostyle forms during metamorphic climax and lies between the two ilia. (*B*) CT-scanned tadpole of *X. tropicalis*, NF stage 61 (metamorphic climax, day 2), highlighting axial skeleton formation at the rostral end of the tadpole body. The coccyx and the hypochord form midlength of the body, and the tail resorbs completely during metamorphosis. (*a*) Photograph of a live NF-61 tadpole; (*b*) CT-scanned tadpole after volume rendering; (*c*--*f*) Segmented tadpole highlighting the spinal cord, axial column, notochord, and hypochord. (*C*) Coccyx and hypochord formation at metamorphic climax in *X. tropicalis*. The coccyx is initiated as two ossification centers, which extend posteriorly and anteriorly. The hypochord forms ventral to the notochord and fuses with the coccyx at the end of metamorphic climax. Dorsal and ventral views are higher magnification images of the selected areas of the lateral view of each corresponding stage. The selected vertebrae are numbered from I to IX. CC, chondrocranium; CX, coccyx; FL, forelimb; FM, femur; FP, frontoparietal; HL, hind limb; HY, hypochord; IL, ilium; NT, notochord; PS, postsacral; SA, sacrum; SC, spinal cord; UR, urostyle; VB, vertebrae. (Scale bars: 5 mm.)](pnas.1917506117fig01){#fig01}

Osteocyte--Chondrocyte Differentiation at the Sites of Urostyle Development. {#s3}
----------------------------------------------------------------------------

The cells contributing to the coccyx have a paraxial mesodermal origin ([@r12]), and the embryonic hypochord is argued to be derived from the endoderm/superficial mesoderm ([@r15][@r16][@r17][@r18][@r19][@r20][@r21][@r22][@r23][@r24]--[@r25]). However, not much is known about the ossifying hypochord. We conducted histology of sectioned tissues and focused on ossification patterns of the hypochord. The sclerotome in frogs is formed in both rostral and caudal somites ([@r26]), but only the rostral somites (somites 1 to 12 in *Xenopus tropicalis*) contribute to the axial column ([@r12], [@r13]); somites 9 to 12 contribute to the coccyx (equals fused postsacral vertebrae I to III) ([@r8], [@r12]). The bony coccyx forms from three ossification centers, which subsequently enlarge via endochondral ossification (a detailed description of coccyx formation is given in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)).

At the onset of metamorphosis, the ventral connective tissue around the notochord grows by increasing the number of cell layers ([Fig. 2 *D*, *D*″, and *H*](#fig02){ref-type="fig"} and [*SI Appendix*, Figs. S3--S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). The undifferentiated cells giving rise to the ossifying hypochord (here referred to as osteo-chondro progenitors) aggregated and formed cartilaginous condensations ([*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)), which were seen within the body region ([*SI Appendix*, Figs. S3--S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)) but not in the tail ([*SI Appendix*, Figs. S3--S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). Hypertrophic chondrocytes were visible in the ventral portion of the hypochord; osteoblasts formed below the chondrocyte layer and began forming the perichondrium ([Fig. 2 *D*, *D*″, and *H*](#fig02){ref-type="fig"} and [*SI Appendix*, Figs. S4 and S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). Within 2 d into metamorphic climax, hypertrophic chondrocytes differentiated and deposited cartilaginous extracellular matrix (ECM); the perichondrium with developing mineralized ECM was observed subsequently. Hypochordal ossification was more rapid relative to that of the coccyx ([Fig. 2 *B*, *B*″, *D*, *D*″, *F*, and *F*″](#fig02){ref-type="fig"}). Initial hypochordal chondrocytes accumulated along the midline of the tadpole body and formed a rod, with more cells accumulating on lateral sides of the hypochord ([*SI Appendix*, Figs. S3--S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). Cells at the lateral-most margins of the hypochord are irregular in shape with numerous filopodia and appear to be migrating from the connective tissue around the notochord ([*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). Future studies are needed using a cell-tracing method to validate if it is the endoderm-derived embryonic hypochordal cells that undergo a cell-fate change during metamorphosis or if it is mesodermal cells that undergo ossification.

![Chondrocyte--osteocyte differentiation during urostyle formation. (*A*--*H*) Hematoxylin (stains nuclei purple) and eosin (stains cytoplasm and extracellular matrix pink) staining of histological sections (sagittal, *A*′--*F*′) and orthoslices (sagittal, *A*--*F*) of CT scans of *X. tropicalis* at the site of urostyle formation. The *Upper Row* of each stage corresponds to a left parasagittal section. The *Lower Row* of each stage depicts a midsagittal section. Magnified cells in the last column (*A*″--*F*″) are cells of interest, which change during development. (*A*′, *B*′, *A*″, and *B*″) At stage 59, undifferentiated mesenchymal cells (scleroblasts) at the sites of the future coccyx aggregate to form mesenchymal condensations that form the rudimentary neural arches; osteo-chondro progenitors of the hypochord are present ventral to the notochordal sheath. (*C*′, *D*′, *C*″, and *D*″) Cartilaginous condensations are visible as immature chondrocytes and mature chondrocytes. Chondrocytes in the ossifying coccyx and hypochord; the perichondrium starts to form around the mature chondrocytes. (*E*′, *F*′, *E*″, and *F*″) The periosteum forms with the degeneration of the cartilaginous matrix, but, during hypochord ossification, hypertrophic chondrocytes degenerate, and some dedifferentiate into osteocytes. (*G* and *H*) Illustrations of ossification patterns of the coccyx and hypochord, highlighting the proliferating zone, growth zone, and ossifying zones for the two tissue types. CN, chondrocytes; CX, coccyx; ECM, extracellular matrix; HC, hypertrophic chondrocytes; HY, hypochord; IC, immature chondrocytes; IM, immature cartilage cells; LC, lacunae; MC, mature chondrocytes; MS, mesenchymal cells (scleroblasts); NS, notochordal sheath; NT, notochord; OB, osteoblasts; OC, osteocytes; OCM, osteo-chondro progenitors; PC, perichondrium; PO, periosteum; PZ, proliferating zone; SC, spinal cord. (Scale bars: 2 mm (*A*--*F*) and 100 μm.)](pnas.1917506117fig02){#fig02}

Thyroid Hormonal Control during the Formation of the Urostyle. {#s4}
--------------------------------------------------------------

Thyroid hormone (TH) peaks during metamorphic climax ([@r27][@r28][@r29][@r30]--[@r31]) and controls many structural modifications that a tadpole undergoes during metamorphosis, including loss or remodeling of larval cartilage and de novo formation of bones ([@r32][@r33]--[@r34]). To see if TH affects the formation of the urostyle, which also forms at metamorphic climax, we inhibited TH using methimazole in stage-54 tadpoles; methimazole inhibits thyroid gland function and prevents metamorphosis ([@r35][@r36]--[@r37]). The axial column is partially developed by stage 54 ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)), making it an ideal stage to begin testing the effect of TH on urostyle formation. After 2 mo, the control tadpoles metamorphosed normally, but the methimazole-treated tadpoles had not completed metamorphosis and had halted their development ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). TH-inhibited tadpoles had incomplete development of the coccyx: the neural arches of PSI and PSII were developed ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)), but PSI and PSII remained unfused. The coccygeal morphology of the methimazole-treated tadpoles resembled a stage-61 tadpole in the control experiment. However, hypochord formation was disrupted entirely ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). Partial coccygeal development and no hypochordal development ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)) suggest the possibility of coccyx and hypochord being controlled by two developmental triggers. Hence, we hypothesize that the larval hypochordal cells (at myotome 8 to 12) undergo chondrogenesis and osteogenesis in the presence of TH and contribute to the ossifying hypochord during metamorphosis in anurans.

Muscular Remodeling near the Urostyle. {#s5}
--------------------------------------

A tadpole body possesses myotomes (dorsalis trunci \[DT\]) that undergo secondary myogenesis during metamorphosis ([@r38][@r39]--[@r40]). Three muscles are connected to the urostyle in an adult frog: longissimus dorsi (LD), coccygeo-iliacus (CI), and coccygeo-sacralis (CS) ([@r6], [@r41]). This muscle arrangement enables saltation in anurans ([@r6]). We conducted whole-mount and section-immunohistochemistry to observe the change in muscular composition with respect to the coccyx/hypochord formation, tail and notochord degeneration, and change in muscle fiber width. Before metamorphosis, the tadpole body ([Fig. 3 *A*, *D*, and *D*″](#fig03){ref-type="fig"}) and tail ([*SI Appendix*, Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)) possessed muscle fibers that were between 20 and 150 µm wide. With the onset of metamorphosis (stage 61) ([*SI Appendix*, Fig. S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)), the dorsal-most muscles (newly forming longissimus dorsi \[LD\]) increased in the number of muscle fibers and decreased in fiber diameter (\<20 µm). LD was the first urostyle-associated muscle to form by stage 61 ([*SI Appendix*, Fig. S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). Most of the ventral muscle margins disappeared ([Fig. 2*E*′](#fig02){ref-type="fig"}), and only the lateral and dorsal-most muscles were apparent ([*SI Appendix*, Fig. S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). By stage 63, CI started to form ([Fig. 3 *E* and *E*″](#fig03){ref-type="fig"}). At the end of metamorphosis, LD had increased in area ([Fig. 3 *F* and *F*″](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S11](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)) and in the number of muscle fibers; the area of DT had decreased ([*SI Appendix*, Figs. S11 and S13](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)), and the number of muscle fibers had decreased ([Fig. 3 *F* and *F*″](#fig03){ref-type="fig"}). Ventrally, two muscles were evident: CS and CI (CI is the last muscle to form), which were attached to the developing urostyle ([Fig. 3 *F* and *F*″](#fig03){ref-type="fig"}). The number of muscle fibers of CS and CI was reduced, and muscle fiber width had increased (\>100 µm) compared to the ventral larval muscles seen at prometamorphosis and at the beginning of metamorphic climax. A close look at the sarcomere proteins of the muscles near the urostyle before, during, and at the end of metamorphic climax indicates that the muscle sarcomeres are disorganized with the onset of metamorphosis ([*SI Appendix*, Fig. S12](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). Our findings suggest that the muscles near the developing urostyle may be undergoing "myofiber turnover"---a phenomenon that can be recognized by the large, larval myofibers degenerating and small muscle fibers forming and replacing the larval ones ([@r42][@r43][@r44]--[@r45]). However, the change in myofiber width could also be due to reshaping of the myofibers, corroborant with the posterolateral rotation of the pelvic girdle ([*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). Future studies using a cell-lineage tracing method are needed to better understand these events.

![Changes in muscle composition near the urostyle before and after metamorphosis in *X. tropicalis*. (*A*--*C*) Lateral views of whole-mount immunostained specimens for skeletal muscle marker 12-101 at stages 54 (*A*), 61 (*B*), and 65 (*C*). Before metamorphic climax, primary muscles are undifferentiated and referred to as dorsal trunci (DT). During metamorphic climax, the myomeres undergo secondary myogenesis and form new muscle types, which differ in muscle fiber width and are attached to the newly forming skeletal structures. The coccygeo-iliacus originates from the lateral surface of the urostyle; the longissimus dorsi originates from the dorsal part of the urostyle and extends anteriorly; and the coccygeo-sacralis connects the sacrum and the coccyx. (*D*--*F* and *D*′--*F*′) Transverse cross-sections across the trunk myotome XII at prometamorphic and metamorphic stages, where phalloidin (green) stains the extracellular matrix, DAPI (blue) stains nuclei, and laminin (red) stains muscle fibers. (*D*, *D*′, and *D*″) Comparison of muscle fiber width shows that primary muscles have a constant width across the trunk body. (*E*′ and *F*′) Newly differentiating muscles (dorsal-most muscles) are smaller in fiber width. (*D*″--*F*″) Illustrations of the transverse cross-sections of the respective stages highlighting the different types of primary and secondary muscles. CI, coccygeo-iliacus; CR, cruralis; CS, coccygeo-sacralis; DT, dorsalis trunci; GM, gluteus magnus; HL, hind limb; HM, hind limb muscles; IE, iliacus externus; LD, longissimus dorsi; MY, myomeres; PM, primary muscles; SM, secondary muscles; TFL, tensor fasciae latae. (Scale bars: 2 mm (*A*--*C*) and 100 μm.)](pnas.1917506117fig03){#fig03}

Remodeling of the Spinal Cord and Peripheral Nervous System Adjacent to the Urostyle. {#s6}
-------------------------------------------------------------------------------------

The spinal cord and peripheral nervous system (PNS) differ between tadpoles and adults ([@r46][@r47]--[@r48]). To see how innervation and the spinal cord change at the sites of the future urostyle, we conducted whole-mount and section-immunohistochemistry. The spinal cord in transverse cross-sections across caudal myomeres XII to XIV appeared comparatively smaller than the presacral spinal cord ([*SI Appendix*, Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)), but larger than the tail spinal cord ([*SI Appendix*, Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). At the end of metamorphosis, the spinal cord (referred to as the filum terminale in adults) is visible as fibrous tissue, and axons project outwards from the spinal foramina ([Fig. 4](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). The filum terminale had myelinated fibers running anteroposteriorly ([Fig. 4 *F* and *F*′](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). When the tail started to degenerate, the spinal nerves at the posterior-most end of the tail also degenerated ([Fig. 4*C*](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S11](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). Spinal nerve X exited through the spinal nerve foramina of the urostyle, and the rest of the caudal spinal nerves degenerated concordant with the fusion of the coccyx and hypochord ([Fig. 4*C*](#fig04){ref-type="fig"}).

![Changes in the spinal cord and innervation at the sites of urostyle formation during development. (*A*--*C*) Lateral views of whole-mount immunostained tadpoles using acetylated tubulin, at stages 54 (*A*), 61 (*B*), and 66 (*C*). Before tail regression is initiated, the axial myomeres possess axial motor neurons (AMNs), equally distributed, but AMNs degenerate with the regressing tail during metamorphic climax. (*D*--*F*) Transverse cross-sections across trunk myotome XII at prometamorphic and metamorphic stages, immunostained for acetylated tubulin (red), extracellular matrix (green), and nuclei (blue). (*D*′--*F*′) Magnified images of the spinal cord for each corresponding stage. (*D*, *D*′, *E*, and *E*′) The spinal cord is recognizable as gray matter (in the middle) and white matter (surrounding the gray matter) in transverse cross-sections. (*F* and *F*′) The spinal cord changes shape with the fusion of the coccyx and hypochord and is referred to as the filum terminale. AMN, axial motor neurons; DT, degenerating tail; ECM, extracellular matrix; FT, filum terminale; HL, hind limb; HY, hypochord; NT, notochord; SC, spinal cord; UR, urostyle. (Scale bars: 2 mm (*A*--*F*) and 100 μm.)](pnas.1917506117fig04){#fig04}

Dorsal Aorta and the Ossifying Hypochord. {#s7}
-----------------------------------------

The embryonic hypochord (nonossified) forms after 3 to 4 d in a developing embryo and helps position the dorsal aorta (DA) ([@r15]). After the DA is formed, the hypochord degenerates completely in fishes and salamanders ([@r15], [@r16]), but it ossifies at the midlength of the tadpole body in anurans and contributes to the axial column ([@r12]). To see if the ossifying hypochord plays a role in major blood vessel reorganization during metamorphosis, we reconstructed the DA, posterior cardinal vein (PCV), and dorsolateral anastomosing vessel (DAV) in metamorphosing tadpoles using micro-computed tomography (microCT) scans ([*SI Appendix*, Figs. S14 and S15](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). The DA was present ventral to the notochord along the trunk, the PCV was ventral to the DA before metamorphosis ([Fig. 5 *A*, *A*′, and *C*](#fig05){ref-type="fig"} and [*SI Appendix*, Figs. S3 and S12](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)), and the DAV was dorsal to the spinal cord; the DAV and PCV merged ventral to the PSI (myomere XI). At the onset of metamorphosis, the hypochord ossified dorsal to the DA ([Fig. 5*C*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S14](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). By stage 63, when the hypochord reached its maximum length, the DA was occluded at the posterior-most end of the hypochord ([Fig. 5*C*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S14](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). This occlusion could be a reason for the accelerated tail resorption within the next 2 to 3 d during metamorphic climax ([Fig. 5 *B*, *B*′, and *C*](#fig05){ref-type="fig"}). Tail resorption is evident by the sudden pigmentation change ([Fig. 5 *B* and *B*′](#fig05){ref-type="fig"}) and is likely due to blood loss in the tail ([@r49]). After partial occlusion of the DA, it was remodeled into two branches that form iliac arteries and enter the hind limbs ([Fig. 5 *B*, *B*′, and *C*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S15](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)).

![Rearrangement of the major blood vessels during metamorphosis. (*A* and *B*) Comparison of the dorsal aorta and posterior veins in the tadpole tail during metamorphosis, lateral view. Before metamorphosis, the DA and PCV are present ventral to the notochord, and the DAV is present dorsal to the spinal cord. The DAV then merges with the PCV. At the end of metamorphosis, stage-64 tadpoles lose the DA partially, along with PCV and DA. Red arrows point at the merging of DAV and PCV. (*A*′ and *B*′) Magnified images of the corresponding stage, highlighting the major blood vessels. (*C*) MicroCT-scanned tadpoles at prometamorphic and metamorphic climax stages. The black arrow points to the occlusion point of the DA at stage 64 (before the tail starts to regress). Stage 66 highlights the formation of new veins and rearrangement of the DA in the metamorphosed frog (refer to [Datasets S1--S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental) to observe this closely). CX, coccyx; DA, dorsal aorta; DAV, dorsolateral anastomosing vessel; HY, hypochord; IA, iliac artery; NT, notochord; PCV, posterior cardinal vein; RV, renal vein.](pnas.1917506117fig05){#fig05}

Cell Death and Cell Proliferation. {#s8}
----------------------------------

Cell death and cell proliferation are two key processes of metamorphic climax ([@r34]). To assess how these two phenomena affect bones, cartilage, neurons, and muscles at the site of the urostyle, we conducted cell proliferation (using anti--5-bromo-2-deoxyuridine \[BrdU\]) and cell death (anti-caspase3 antibodies) immunohistochemistry on whole mounts and sections. Before metamorphosis (e.g., stage 58), cells proliferate near the dorsal-most muscles ([Fig. 6 *A* and *A*′](#fig06){ref-type="fig"} and [*SI Appendix*, Fig. S16](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)); no cell death was observed ([Fig. 6 *D* and *D*′](#fig06){ref-type="fig"}, stage 57). With the onset of metamorphic climax, dorsal-most and lateral muscles continued to divide ([Fig. 6*B*′](#fig06){ref-type="fig"}); innermost muscles surrounding the notochord and ventral-most muscles underwent apoptosis ([Fig. 6*E*′](#fig06){ref-type="fig"}). The lateral-most margin of the hypochord demarcated the proliferating chondrocyte zone ([Fig. 6 *C*, *C*′, and *C*″](#fig06){ref-type="fig"}) with increased cell proliferation; no cell death by apoptosis was observed at the sites with mature hypertrophic chondrocytes ([Fig. 6 *G*, *G*′, and *G*″](#fig06){ref-type="fig"}). Usually, mature hypertrophic chondrocytes (HCs) in an ossifying tissue undergo apoptosis ([@r50][@r51]--[@r52]). However, the HCs within the hypochord survived, even when the hypochord was mineralized and vascularized at the end of metamorphosis. These results suggest that there is a possibility that the terminal chondrocytes dedifferentiate into osteocytes. Such dedifferentiation is a phenomenon commonly seen in rapidly ossifying bones ([@r53][@r54][@r55]--[@r56]). By stage 63, dorsal-most and lateral muscles underwent apoptosis ([Fig. 6 *F* and *F*′](#fig06){ref-type="fig"}). Once the hypochord ossification reaches its maximum length (by stage 63), the tail length reduction is initiated and can be observed by the presence of phagocytotic cells within the tail region ([Fig. 6 *H*, *H*′, *I*, and *I*′](#fig06){ref-type="fig"}). With the fusion of coccyx and hypochord, the spinal cord also showed positive signal for cell apoptotic markers ([Fig. 6 *G*′ and *G*″](#fig06){ref-type="fig"}), indicating the spinal cord only degenerates at the urostyle region.

![Cell death and cell proliferation at the site of urostyle formation. (*A*--*C*) Transverse sections across trunk myotome XII, immunostained for anti-BrdU (red) to observe cell proliferation at stages 58 (*A* and *A*′), 61 (*B* and *B*′), and 64 (*C* and *C*′). (*A*′--*C*′) Anti-BrdU signal has been overlaid on a grayscale background to highlight the proliferating cells. Muscle cells initiate proliferation prior to metamorphic climax, starting with the dorsal-most muscles (*A*′). With the initiation of metamorphosis, muscles along the lateral margins proliferate (*B*′). Lateral margins of the hypochordal rod demarcate the chondrocyte proliferating zone (*C*, *C*′, and *C*″). White arrows depict proliferating zones. (*D*--*I*) Transverse and sagittal cross-sections across the trunk myotomes, immunostained for anti-Caspase 3 (red) to observe cell apoptosis. There is no cell death at stage 57, before metamorphic climax (*D* and *D*′). With the initiation of metamorphic climax at stage 61 (*E* and *E*′), innermost muscles surrounding the notochord and ventral-most muscles undergo apoptosis ("suicide model"). Dorsal-most and lateral larval muscle fibers undergo cell death at stage 63 (*F* and *F*′). By stage 64, the coccyx and hypochord have reached the maximum length by extending up to the myotome, and the spinal cord is degenerated (*G*, *G*′, and *G*″). Sagittal sections at stages 64 (*H* and *H*′) and 65 (*I* and *I*′) depict how the muscle cells are degenerated by phagocytosis ("murder model") with the reduction of the tail. CX, coccyx; HY, hypochord; NT, notochord; SC, spinal cord. (Scale bars: 100 μm.)](pnas.1917506117fig06){#fig06}

Discussion {#s9}
==========

The anuran urostyle is a unique component of the vertebrate axial skeleton because it is formed from an ossifying hypochord, which contributes and fuses to the coccyx at the end of metamorphosis. In fishes, posterior-most centra fuse to form the ural, which supports the developing caudal fin ([@r57][@r58]--[@r59]). Within the actinopterygian lineage, recently evolved teleosts have experienced a reduction in caudal elements with the evolution of homocercal tails (compared to the plesiomorphic state of having heterocercal tails) ([@r60][@r61]--[@r62]). It has been hypothesized that having polyurals (more than two ural elements) is more primitive compared to the diural condition ([@r60]); all individuals go through some fusion of the urals after they are formed as individual centra, and fish ural fusion progresses as a slow process ([@r60], [@r63]). Avian tails have also undergone considerable changes, from the plesiomorphic long tails of nonavian dinosaurs to the short tails with a fused pygostyle of birds (the group Pygostylia; this includes modern birds) as an adaptation for flight ([@r64][@r65]--[@r66]). During the embryonic period, pygostyle vertebrae chondrify, mineralize, and then fuse once the bird hatches ([@r66]). Tail loss has also evolved convergently in mammals, including apes and humans. This loss has resulted in the evolution of the coccyx, commonly known as the tailbone. The coccyx is formed by fusion of three to five coccygeal vertebrae ([@r67][@r68]--[@r69]), which fuse completely with no visible sutures or partially with sutures still visible, and it attaches to the sacrum.

Coccyx vs. Hypochord. {#s10}
---------------------

We found that coccyx and hypochord show two different developmental patterns. Firstly, the coccyx ossifies in a segmental and comparatively slow manner whereas the hypochord ossifies as a single rod relatively quickly. Secondly, initiation of hypochordal ossification appears to be mediated by thyroid hormone whereas the coccyx is not; however, the postsacral vertebrae fusion was disrupted in methimazole-treated tadpoles ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). Further studies using early and late developmental stages of tadpoles and comparative transcriptomics of the two tissue types are required to validate TH control of urostyle formation.

Previous studies have shown that removal of the embryonic spinal cord or notochord disrupts the morphology and regionalization of the vertebral column ([@r55], [@r70], [@r71]). For example, removal of the notochord from *Ambystoma mexicanum* embryos resulted in a fused cartilaginous rod ([@r70]). Even though cartilage was developed, the differentiation or regionalization was disrupted. Even in mice, removing the neural tube results in abnormally segmented ossifications around the notochord, and notochord removal results in unsegmented cartilaginous sheaths ([@r55], [@r71], [@r72]). Studies have postulated that the notochord alone acts on the segmentation and notochord and spinal cord together influence the differentiation ([@r71][@r72][@r73][@r74][@r75]--[@r76]). We hypothesize that the switch that happens within the notochord during metamorphic climax ([@r34]) to secrete proteolytic enzymes may have disrupted its inductive abilities and that this could be a reason why regionalization at the urostyle site is disrupted or has been lost.

Ossifying Hypochord and the Anuran *Bauplan*. {#s11}
---------------------------------------------

Why does the hypochord ossify only in anurans? The tail, contributing to more than half of the tadpole's length, is composed of muscles, neurons, blood vessels, and a notochord, and, hence, losing the tail rapidly is a developmental conundrum. It is suggested that the most vulnerable stage in terms of predation for a tadpole is when both its tail and four legs are present---the period leading up to metamorphic climax ([@r77], [@r78]). Hence, a developing tadpole needs to lose its tail efficiently and quickly to assume its adult body form. Therefore, the tail resorption process is completed within 2 to 3 d ([@r79])---a remarkable evolutionarily favored transformation.

Tail loss has gained much attention over the past century mainly because of its importance in understanding the water-to-land transition. Previous work shows how increased TH at the beginning of metamorphic climax promotes autolysis of tail cells ("suicide model") ([@r72], [@r73]) ([Fig. 6 *D*′, *E*′, and *F*′](#fig06){ref-type="fig"}). However, the tail-length reduction, a result of cell phagocytosis ("murder model") ([@r79], [@r80]) ([Fig. 6 *H*, *H*′, *I*, and *I*′](#fig06){ref-type="fig"}), initiates only after 3 d into metamorphic climax and is not directly controlled by TH. The trigger of the "murder model" was overlooked in previous studies.

We propose that rapid tail loss in anuran larvae is related to ossification of the hypochord in the midlength of the body. Our results show how ossification of the hypochord may promote tail loss by remodeling the dorsal aorta (DA): DA occlusion occurs ventral to the posterior-most part of the hypochord ([Fig. 5](#fig05){ref-type="fig"} and [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)); subsequently, with the occlusion, the DA branches into two vessels ventral to the anterior-most margin of the hypochord, which enter the left and right hind limbs ([Fig. 5](#fig05){ref-type="fig"} and [*SI Appendix*, Figs. S14 and S15](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). This occlusion happens before the initiation of tail regression and posterolateral rotation of the pelvic girdle ([Fig. 5](#fig05){ref-type="fig"} and [*SI Appendix*, Figs. S7, S14, and S15](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). We propose that the low-pH environment resulting from the DA occlusion could be triggering the "murder model" in tadpoles.

The fossil record of anurans contains taxa having a tail with a few caudal vertebrae, which is the plesiomorphic state \[e.g., Triassic *Triadobatrachus massinoti* ([@r81]) and *Czatkobatrachus polonicus* ([@r82])\], followed by the sudden appearance of forms with a urostyle and no tail (*Prosalirus bitis*) ([@r5], [@r6]). However, intermediate fossils between these two states have not been discovered. Our study points toward an explanation for the evolution of tail loss in anurans and the development of the urostyle: During the evolution of an anuran *bauplan*, hypochord ossification likely preceded loss of tail in salientians. Future studies creating genetic knockouts in anurans, either by preventing the ossification of the hypochord or by generating tailless tadpoles, would help us better understand the significance of the ossified hypochord and tail resorption during metamorphosis, while reiterating the novelty of the urostyle.

Materials and Methods {#s12}
=====================

Different stages of *X. tropicalis* tadpoles were purchased from the National *Xenopus* Resource (NXR) at the Marine Biological Laboratory (MBL) (Woods Hole, MA). A nearly complete developmental series was obtained and euthanized using 0.2% aqueous tricaine methanesulfonate (MS-222), and the specimens were fixed in different fixatives according to each experiment. Tadpoles were staged according to Nieuwkoop and Faber (NF; [@r83]). Developmental stages were obtained posthatching until the end of metamorphic climax. Refer to [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental) for the respective stages of the tadpoles, their total length (TL), and the number of replicates used in each experiment. All experiments were approved by the Marine Biological Laboratory (Protocol 18-42) and the University of Chicago (Protocol 72615).

Staining for Cartilage and Bone. {#s13}
--------------------------------

The tadpoles were cleared and stained for bone and cartilage following Hanken and Wassersug ([@r84]) and Klymkowsky and Hanken ([@r85]). Euthanized stages were fixed in 4% neutral-buffered formalin from overnight to 4 d (depending on the size of the tadpoles) and subsequently stored in 70% ethanol until they were processed for staining. Developmental stages were dehydrated in absolute ethanol and stained for cartilage using Alcian blue. Following cartilage staining, specimens were rehydrated in a graded ethanol series (95%, 80%, 75%, 50%, 25%) and, finally, distilled water. Next, the muscles were digested in an enzyme solution (trypsin dissolved in 30% aqueous sodium borate). Subsequently, the bones were stained in alizarin red and destained in a solution of 1% KOH and 1% H~2~O~2~. The stained specimens were stored in glycerin and scored for bones/cartilage within 2 to 3 d of staining. Terminology for the bones, cartilage, and neuromuscular system follows Pugener and Magalia ([@r8]), Trueb ([@r86]), Duellman and Trueb ([@r41]), and Trueb and Hanken ([@r87]).

Histology. {#s14}
----------

Euthanized stages were fixed in Bouin fixative (picric acid plus formaldehyde plus acetic acid) for between 24 h and 1 wk. The specimens were decalcified using a decalcifying solution (0.5 M EDTA, pH 7.0) for 30 min, washed in 1× phosphate-buffered saline (PBS) three times (20 min each), dehydrated in ethanol, and followed by three xylene washes. Subsequent paraffin washes were conducted at 70 °C, and, finally, tissues of interest were embedded in paraffin/paraplast molds. Paraffin-embedded specimens were sectioned at 10 µm using a rotatory microtome and mounted onto Fisherbrand Suprafrost microscope slides. Both sagittal and transverse sections were left overnight on a slide-heater at 35 °C. The sections were stained as follows: Initially, deparaffinization was done in two xylene washes, sections were rehydrated using an ethanol series and stained with Mayer hematoxylin (2 min) to visualize nuclei, and the slides were kept under running water for 20 min. Next, eosin stain was used to visualize cytoplasm and extracellular matrix. Subsequently, dehydration was done in an ethanol series and, finally, in xylene. The slides were mounted in xylene-based DPX, sealed with a coverslip (no. 1 thickness), observed under a Zeiss Axio Imager 2 microscope, and photographed using a Leica DFC 490 camera.

Thyroid Hormone and the Urostyle Development. {#s15}
---------------------------------------------

Two experiments were conducted to visualize thyroid hormone (TH) involvement in urostyle development. Five stage-54 tadpoles were reared in 1 mM goitrogen methimazole (MMI) (Sigma-Aldrich; 100 mg/L of aquarium water) ([@r31], [@r79], [@r88]), and another five stage-54 tadpoles as the control experiment in 0.1 Marc's modified Ringer's (MMR) (1× MMR: 100 mM NaCl, 2 mM KCl, 1 mM MgSO~4~, 2 mM CaCl~2~, 5 mM Hepes, pH 7.4). The tadpoles were reared for 2 mo and then stained for bone and cartilage (see above) to see the effect of TH on urostyle development. This experiment was repeated twice.

Phosphomolybdic Acid Staining and CT Scanning. {#s16}
----------------------------------------------

Five tadpoles (NF stages 58, 59, 61, 64, and 66) were dehydrated in 100% methanol, taken through a sucrose series, and left in 25% sucrose overnight or until the tadpoles sunk to the bottom. Finally, tadpoles were stained with 5% phosphomolybdic acid (PMA) dissolved in distilled water for 5 to 7 d. Tadpoles were washed in distilled water prior to scanning to get rid of excess stain. The specimens were scanned with the UChicago PaleoCT scanner (GE Phoenix v/tome/x 240kv/180kv scanner). The settings for close scans of the urostyle area were as follows: at 70 kV, 220 μA, no filtration, 3× averaging, exposure time of 1,000 ms per image, and a resolution of 6.3330 μm per slice (512 μm^3^ per voxel). Whole bodies of tadpoles were scanned by using the following parameters: at 90 kVp, 190 μA, no filtration, 3× averaging, exposure time of 200 ms per image, and a resolution of 17.9820 μm per slice (512 μm^3^ per voxel). Scanned images were analyzed and segmented using Amira 3D Software 6.0 (FEI) ([Fig. 1*B*](#fig01){ref-type="fig"}) and Materialize Mimics 22.0 segmentation software ([Fig. 5*C*](#fig05){ref-type="fig"}).

Cell Proliferation. {#s17}
-------------------

Two tadpoles each from NF stages 55, 57, 61, and 63 were exposed to water containing 5-bromo-2-deoxyuridine (BrdU) (Sigma-Aldrich), 1 mg/mL, for 72 h to label the proliferating cells. The tadpoles were subsequently euthanized in MS-222 and fixed overnight in 4% paraformaldehyde (PFA) at 4 °C. The next day, the specimens were washed three times in ice-cold 1× PBS (15 min each) and transferred to 15% and 30% sucrose solutions. They were left overnight at 4 °C until they sank to the bottom of the tube. The tadpoles were then placed in Tissue-Tek O.C.T compound, flash frozen using liquid nitrogen, and sectioned at 20 to 25 μM using the Leica cryostat CM1900 and mounted on Fisherbrand SuperFrost Plus slides. Cryosections were rinsed three times in 1× PBS, permeabilized using 0.01% Triton/PBS solution, blocked in 2% skim milk solution, and incubated with the anti-BrdU (Sigma-Aldrich, mouse monoclonal; 2:1,000 concentration) for 1 h. The next day, the sections were washed three times in 0.25% Tween/PBS solution (10 min each), incubated in a solution of the secondary antibody (ThermoFisher, goat anti-mouse, Alexa Fluor 594, 2:1,000), phalloidin-Alexa 488 (Invitrogen, 1:1,000), and DAPI (Life technologies, 1:1,000) for 1 h. Finally, the cryosections were washed in 0.25% Tween/PBS solution, mounted in 50% glycerol, and visualized using a Zeiss 710 confocal microscope. The results were analyzed using Fiji image analysis software.

Section-Immunohistochemistry for Cell Death, Neurons, and Muscle Remodeling. {#s18}
----------------------------------------------------------------------------

Six tadpoles from each stage (stages 57, 60, 64, and 66) were fixed overnight in 4% PFA and frozen in Tissue-Tek O.C.T. using liquid nitrogen. The frozen samples were sectioned using a cryostat at 30 μM and were dried at room temperature for 30 min. Antibody staining was done as described in the preceding section: Tissues were permeabilized in Triton/PBS, blocked in 2% skim milk solution, and incubated overnight in the primary antibody solution. To observe cell death by apoptosis, anti--Caspase-3 antibody (Abcam ab13847, 2:1,000) was used; for neurons, acetylated Tubulin (Sigma, mouse monoclonal, 2:1,000) was used; for muscle fibers, Laminin antibody from the Developmental Studies Hybridoma Bank **(**DSHB) (3H11, 4:100) and anti-MyHC from DSHB (MF20, 1:20) were used; for sarcomere proteins anti-titin, anti-myomesin, and anti-tropomyosin were used ([*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917506117/-/DCSupplemental)). The next day, the tissues were washed in 0.25% Tween/PBS solution and incubated in the secondary antibody (mouse monoclonal, 2:1,000) plus Phalloidin (to visualize the extracellular matrix, 1:1,000) plus DAPI (nuclei, 1:1,000). Finally, the slides were washed in 0.25% Tween/PBS and visualized under a Zeiss 710 confocal microscope. The results were analyzed using the Fiji image analysis software.

Whole-Mount In Situ Hybridization and Whole-Mount Immunohistochemistry. {#s19}
-----------------------------------------------------------------------

Whole-mount in situ hybridization (WMISH) for the sclerotome marker *Pax9* was done as previously described ([@r89]). The primer sequences for the gene *Pax9* are as follows: forward, AGT AGG AAC ACG TTT CAG TCG; and reverse, TTG GAT CCT AGA GAT GAC AGC. After the color developed, the tadpoles were fixed overnight in 4% PFA at 4 °C, transferred to 30% sucrose solution, and flash frozen in OCT using liquid nitrogen. The tissues were sectioned using a Leica cryostat and mounted using 50% glycerol. The slides were photographed using a Leica DFC 490 camera. For whole-mount immunohistochemistry (WMIHC), tadpoles at stages NF 58, 59, 61, 63, and 66 were euthanized in MS-222 and fixed overnight in Dent fixative (methanol:dimethyl sulfoxide \[DMSO\] = 4:1) at room temperature. The staining was done as previously described ([@r85], [@r90]) with slight modifications. Tadpoles were washed in 1% PBTriton (1× PBS plus 1% Triton) for 3 h and transferred to 25% trypsin in PBS for 10 min. Next, they were transferred to precooled acetone for 20 min. Specimens were washed in 1% PBTriton and blocked overnight at 4 °C in a solution containing 1% PBTriton plus 10% goat serum plus 5% H~2~O~2~ plus 1% DMSO). Blocking solution was replaced by the primary antibodies: for muscles 12-101 (from DSHB, 1:50) and nerves (acetylated tubulin: Sigma, 1:1,000) and were left at 4 °C for 3 d. The tadpoles were washed five times in 1% PBTriton (1 h each) and transferred to the peroxidase-conjugated secondary antibody solution (The Jackson Laboratory 115-035-003, 1:1,000) in 10% goat serum plus 1% PBTriton. Finally, the specimens were washed in 1% PBTriton for 5 h and subjected to DAB reaction.

Data Deposition. {#s20}
----------------

The CT scanned data of stages 59, 64, and 66 have been submitted to MorphoSource with the DOIs 10.17602/M2/M97424, 10.17602/M2/M97371, and 10.17602/M2/M97372, under the project name "Ontogeny of the Urostyle" (accession no. P884) ([@r91]).
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